In Staphylococcus aureus, the transport of dicarboxylates is mediated in part by the Na ؉ -linked carrier protein SdcS. This transporter is a member of the divalent-anion/Na ؉ symporter (DASS) family, a group that includes the mammalian Na ؉ /dicarboxylate cotransporters NaDC1 and NaDC3. In earlier work, we cloned and expressed SdcS in Escherichia coli and found it to have transport properties similar to those of its eukaryotic counterparts (J. A. Hall and A. M. Pajor, J. Bacteriol. 187:5189-5194, 2005). Here, we report the partial purification and subsequent reconstitution of functional SdcS into liposomes. These proteoliposomes exhibited succinate counterflow activity, as well as Na ؉ electrochemical-gradient-driven transport. Examination of substrate specificity indicated that the minimal requirement necessary for transport was a four-carbon terminal dicarboxylate backbone and that productive substrate-transporter interaction was sensitive to substitutions at the substrate C-2 and C-3 positions. Further analysis established that SdcS facilitates an electroneutral symport reaction having a 2:1 cation/dicarboxylate ratio. This study represents the first characterization of a reconstituted Na ؉ -coupled DASS family member, thus providing an effective method to evaluate functional, as well as structural, aspects of DASS transporters in a system free of the complexities and constraints associated with native membrane environments.
The divalent-anion/Na ϩ symporter (DASS) family is an evolutionarily related collection of secondary active-transport systems having representation in all three kingdoms of life (23, 28, 30, 33) . Members of this group (also referred to as the SLC13 gene family in the human gene nomenclature) couple the movement of Na ϩ down its electrochemical gradient to the accumulation of a variety of dicarboxylates and inorganic anions. In higher organisms, such action provides a means to regulate the extracellular concentrations of these substrates, and in certain instances, transporter malfunction can lead to a variety of disorders that include growth retardation, life span alteration, and the development of kidney stones (9, 14, 20, 23, 28, 30, 36) . However, despite their physiological importance, a detailed understanding of the DASS family members has been hampered by the inability to analyze their mechanistic and structural properties in a system not restricted by the complexities of their native environments.
The reconstitution of purified transport proteins has served as a valuable technique in the elucidation of their structures and functions (1, 7, 35, 41) . We previously cloned and functionally expressed SdcS, a Na ϩ -coupled dicarboxylate transporter from Staphylococcus aureus, and found it to exhibit many of the traits characteristic of mammalian DASS transporters (12) . In work described here, we have partially purified and reconstituted this carrier protein into proteoliposomes in order to examine its transport properties in a cell-free system. Our analysis of reconstituted SdcS not only confirmed its whole-cell transport features, but also expanded upon the substrate and energy requirements of the carrier protein. Taken together, these findings indicate that SdcS, when in the presence of an inward-directed Na ϩ electrochemical gradient, facilitates the electroneutral symport of two cations and a single dicarboxylate. ) gal dcm] (Novagen) served as host for the expression vector pQE-80L/SdcS (12) . This plasmid encodes SdcS with an N-terminal MRGS(H) 6 GS amino acid extension and places SdcS expression under the control of a T5 promoter/lac operator element.
MATERIALS AND METHODS

Strains
Purification and reconstitution. Histidine-tagged SdcS was purified by nickelnitrilotriacetic acid metal affinity chromatography. All steps were performed at 4°C unless otherwise stated. Overnight cultures were diluted 200-fold into 400 ml LB broth containing 100 g/ml ampicillin and grown at 37°C to an optical density at 660 nm of 1.0 to 1.2. To induce SdcS expression, isopropyl-␤-D-galactopyranoside was added to 0.5 mM, and cells were harvested after 2 h. The cells were then washed twice with 20 ml 100 mM KP i , pH 7, and resuspended in the same buffer containing 1 mM phenylmethylsulfonyl fluoride and 20 g/ml DNase I. The cells were disrupted by two passages through a cold French pressure cell (16,000 lb/in 2 ), and after removal of unbroken cells and cell debris by two low-speed centrifugations (5,000 ϫ g; 10 min), the membrane vesicles were pelleted (150,000 ϫ g; 1 h) and resuspended in 8 ml buffer A (90 mM KP i , 10 mM NaP i , 20% glycerol, 5 mM ␤-mercaptoethanol, 0.2% Escherichia coli phospholipid, 25 mM succinate, 1.25% n-dodecyl-␤-maltoside, 1 mM phenylmethylsulfonyl fluoride, 200 mM NaCl, pH 8). After incubation for 1 h on ice, insoluble materials were removed by centrifugation (150,000 ϫ g; 1 h), and the supernatant was added to a nickel-nitrilotriacetic acid-agarose slurry (QIAGEN) preequilibrated in buffer A. This mixture was incubated for 2 h with gentle shaking, after which the resin was loaded onto a Poly-Prep column (Bio-Rad) and washed six times with 2 ml buffer A adjusted to pH 7 and containing 0.25% E. coli phospholipid and 75 mM imidazole. Histidine-tagged SdcS was then eluted from the resin by adding 400 l of buffer A, pH 7, containing 0.25% E. coli phospholipid and 250 mM imidazole instead of 200 mM NaCl. The purified material was stored at Ϫ80°C until use.
Purified SdcS was reconstituted into proteoliposomes by detergent dilution. Briefly, in a final volume of 370 l (or multiple thereof), 1 g of protein and 82 l bath-sonicated E. coli phospholipid (45 mg/ml) were mixed for 20 min on ice in a buffer, pH 7, containing 100 mM KP i , 1 mM dithiothreitol, and 1.5%
octyl-␤-D-glucoside. Proteoliposomes were formed by 40-fold dilution into a chilled P i -based loading buffer and isolated by centrifugation (150,000 ϫ g; 1 h) at 4°C. After removal of the supernatant, the proteoliposome pellet was resuspended in a chilled P i -based resuspension buffer and stored on ice prior to being assayed. The loading and resuspension buffers varied, and their compositions are described in the individual experiments.
Transport assays. SdcS-mediated transport activity was assayed by diluting reconstituted proteoliposomes 25-to 50-fold into appropriate assay buffers equilibrated at room temperature and containing, unless otherwise stated, 100 M labeled succinate. At the indicated times, aliquots were removed for filtration on Millipore filters (0.22-m pore size; type GSTF), rinsed twice with 5 ml chilled wash buffer (100 mM KP i , pH 7, or 100 mM KP i , 250 mM KCl, pH 7), and counted by liquid scintillation using Econo 
, where n represents the Hill coefficient) using nonlinear regression analysis.
SDS-PAGE and immunoblot analysis. Proteins, resuspended in sample buffer and loaded without being preheated, were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (11%) (21) and then either visualized by GelCode Blue Stain Reagent (Pierce) staining or transferred to nitrocellulose for immunoblot analysis. The latter procedure was carried out using a mouse monoclonal antibody reactive to the SdcS N-terminal RGS(H) 4 epitope (QIAGEN). To evaluate expression, Western blots were developed by the chemiluminescence method (SuperSignal West Pico Chemiluminescent Substrate; Pierce) using a horseradish peroxidase-conjugated anti-mouse immunoglobulin G antibody (Jackson ImmunoResearch Laboratories, Inc.).
Protein determination. The protein contents of membrane vesicles and detergent extracts were assayed using the method of Brown et al. (4) . A modification of the method of Schaffner and Weissmann (37) was used to determine the amounts of protein incorporated into proteoliposomes.
Chemicals. [ 14 C]succinate (44 mCi/mmol; Ͼ99% pure) was from Moravek Biochemicals. E. coli phospholipid was obtained from Avanti Polar Lipids, Inc. (Alabaster, AL), and both n-dodecyl-␤-maltoside and octyl-␤-D-glucoside were from Calbiochem.
RESULTS
Purification and reconstitution of functional SdcS.
In previous work, we cloned SdcS, an Na ϩ -coupled dicarboxylate carrier protein from S. aureus, and functionally characterized its function in an E. coli whole-cell system (12) . To confirm and extend these findings, as well as to circumvent the complexities associated with evaluating SdcS-mediated transport in whole cells, we sought to purify and reconstitute this protein. To do this, histidine-tagged SdcS was solubilized and subsequently subjected to Ni 2ϩ -agarose affinity chromatography. This procedure removed Ͼ99% of the original membrane protein and resulted in a purified protein fraction estimated to be 75 to 85% SdcS (Fig. 1) .
Partially purified SdcS was reconstituted into proteoliposomes, and transport function was assayed by following succinate entrance counterflow activity. The counterflow phenomenon arises when the exit of radiolabeled substrate transported into proteoliposomes is competitively inhibited by high concentrations of preloaded nonradioactive substrate, resulting in the accumulation of radiolabeled substrate (40, 42) . Since the conformational changes of a substrate-loaded carrier are often faster than those of an unloaded carrier, preloading with unlabeled substrate in many cases also results in an increased rate of reorientation from the internal to the external membrane face and thus stimulation of radiolabeled-substrate uptake. As illustrated in Fig. 2 , preloaded SdcS-containing proteoliposomes accumulated succinate to levels 10-fold (Na ϩ present) to 20-fold (Na ϩ absent) above equilibrium. In the absence of such preloading, transport activity was low, consistent with the equilibration of radiolabeled substrate across the proteoliposome membrane. That succinate accumulation occurred in the absence of Na ϩ suggested to us that SdcS either catalyzes cation-independent counterflow or utilizes H ϩ as a cosubtrate. To test the latter possibility, the rate of succinate transport was assayed in the presence of an inward-directed H ϩ electrochemical gradient (internal, pH 7; external, pH 6). Such a condition resulted in a transport rate comparable to that reported for the diffusion of succinate across a proteinless phospholipid membrane, where a similar pH difference was imposed (data not shown) (15, 17 imply, as discussed below, that this transporter can facilitate dicarboxylate exchange in the absence of a coupling cation. Na ؉ electrochemical-gradient-driven dicarboxylate transport. Having established that SdcS could be functionally reconstituted, our next set of experiments were designed to identify ionic forces that could drive dicarboxylate transport. Because both the rate and extent of succinate counterflow activity were enhanced in the presence of Na ϩ (Fig. 2) , SdcS transport activity was monitored under conditions that generated an inward-directed Na ϩ electrochemical gradient (⌬pNa ϩ ). The dilution of proteoliposomes loaded with 100 mM KP i , pH 7, into 100 mM NaP i , pH 7, resulted in the accumulation of succinate (Fig. 3) . In the absence of this gradient, no significant transport was observed. For instance, dilution of proteoliposomes loaded with 100 mM KP i , pH 7, into the same medium did not stimulate SdcS-mediated succinate uptake. Likewise, the dissipation of ⌬pNa ϩ by the addition of the ionophore nigericin, which catalyzes electroneutral exchange of both Na ϩ and H ϩ for K ϩ , abolished SdcS-mediated succinate transport (Fig. 3) . These observations are consistent with the idea that a ⌬pNa ϩ , and not simply the presence of Na ϩ , is required to facilitate dicarboxylate uptake.
SdcS electrical character and transport stoichiometry. While functionally characterized mammalian members of the DASS family are electrogenic-transporting Na ϩ and dicarboxylate with a ratio of 3:1-previous work with SdcS in whole cells suggested that this transporter coupled the uptake of a single divalent carboxylate to two Na ϩ ions. To confirm this coupling stoichiometry, we examined the electrical characteristics of SdcS-catalyzed transport in the presence of a membrane potential (⌬⌿). Our first set of experiments sought to determine whether the presence of ⌬⌿, in the absence of a ⌬pNa ϩ , was sufficient to drive dicarboxylate transport. Proteoliposomes, loaded with and then diluted into buffers suitable for the generation of a K ϩ gradient, were assayed for succinate uptake in the presence and absence of valinomycin. The addition of this K ϩ -conducting ionophore had no effect on succinate transport, irrespective of whether an internally negative
ϩ concentrations inside and outside the proteoliposomes, respectively). These findings indicate that ⌬⌿ alone is unable to facilitate SdcSmediated substrate uptake and suggest that the transport reaction is electrically neutral.
We extended our study of the electrical properties of SdcS by analyzing the effect that ⌬⌿ had on succinate uptake in the presence of a ⌬pNa ϩ . Proteoliposomes were assayed as described above, with the exception that the buffering system was designed so that an inward-directed ⌬pNa ϩ was generated. Valinomycin was then used to establish a ⌬⌿ of internally negative (Fig. 4A ) or internally positive (Fig. 4B) polarity. In the first experiment, the imposition of a ⌬⌿ (inside negative) caused an initial acceleration in succinate transport relative to proteoliposomes not treated with valinomycin (Fig. 4A ). This stimulatory effect was not maintained over time-an observation one would not predict for an electrogenic transporter tested under these conditions but rather for a carrier protein mediating electroneutral transport. In support of this conclusion is the finding that the establishment of an internally positive ⌬⌿ had no marked influence on the rate of succinate accumulation (Fig. 4B) , a result consistent with an electroneutral symport reaction with a Na ϩ /dicarboxylate ratio of 2:1. An attempt was made to confirm this transport stoichiometry by comparing [ 14 C]succinate and 22 Na ϩ rates of uptake. However, direct demonstration of dicarboxylate-dependent Na ϩ transport was not possible due to the high background counts associated with 22 Na ϩ uptake in the absence of succinate (data not shown). , and then diluted (50-fold) into 50 mM NaP i , 50 mM NMG-P i , pH 7; (■ and ᮀ) proteoliposomes loaded and resuspended in 50 mM KP i , 50 mM NaP i , pH 7, and then diluted in 50 mM NaP i , 50 mM NMG-P i , pH 7. (B) (F and E) Proteoliposomes loaded and resuspended in 100 mM NMG-P i , pH 7, and then diluted into 50 mM NaP i , 50 mM KP i , pH 7; (■ and ᮀ) proteoliposomes loaded and resuspended in 50 mM NaP i , 50 mM NMG-P i , pH 7, and then diluted in 50 mM NaP i , 50 mM KP i , pH 7. Valinomycin at 2. Transport kinetics. As shown in Fig. 3 , the imposition of an inward-directed ⌬pNa ϩ is sufficient to stimulate the uptake of dicarboxylate into proteoliposomes. This condition was used to assay the kinetic parameters of the SdcS transport reaction. In the presence of saturating concentrations of Na ϩ , the apparent affinity (K m ) of succinate was 12 Ϯ 1.9 M-a value in good agreement with that obtained from studies with whole cellsand the V max was 1.8 Ϯ 0.27 mol/mg protein/min (Fig. 5A) . The relationship between the cation concentration and SdcS transport activity was also examined. Na ϩ promoted succinate uptake in a concentration-dependent manner, with K 0.5 and V max values of 12 Ϯ 0.80 mM and 2.2 Ϯ 0.20 mol/mg protein/ min, respectively (Fig. 5B) . Li ϩ also stimulated succinate transport, having a K 0.5 at a minimum 10-fold greater than that found for Na ϩ (data not shown). However, because succinate transport was not saturated at the highest Li ϩ concentration tested-200 mM-we were unable to calculate a K 0.5 for this cation. Further analysis of Na ϩ -dependent succinate transport, using data employed to produce the transport curve illustrated in Fig. 5B , generated Hill coefficients ranging from 1.1 to 1.2. These findings were taken to reflect the presence of two cooperative cation binding sites in the SdcS substrate binding pocket, an interpretation that reinforces our work with valinomycin (Fig. 4) , which suggests an electroneutral coupling stoichiometry of two cations per dicarboxylate transported.
Substrate specificity of SdcS. DASS family members exhibit broad substrate specificity, facilitating the transport of a wide array of divalent carboxylates and inorganic oxyanions (23, 28, 30, 33) . We showed previously that SdcS recognizes three dicarboxylates-fumarate, malate, and succinate-which are transported in their dianionic forms (12) . Here, we undertook a more comprehensive study of SdcS substrate preference by assaying the abilities of various test substrates to inhibit succinate transport. This analysis confirmed fumarate, malate, and succinate as high-affinity substrates (Fig. 6) , suggesting that a productive interaction of substrate with SdcS requires, at a minimum, a compound of four-carbon length with carboxylate moieties at its C-1 and C-4 positions. Deviations from this structural template, via either removal of one carboxylate or the lengthening/shortening of the carbon backbone between carboxylates, resulted in failure to inhibit succinate transport (Fig. 6) . Furthermore, the introduction of certain functional groups at the substrate C-2 or C-3 position-hydroxyls at both sites (e.g., tartarate), a keto moiety at C-2 (e.g., oxaloacetate), and the presence of a methyl group(s) (e.g., methylated succinate derivatives)-had little or no inhibitory effect on SdcSmediated succinate transport, indicating that SdcS is sensitive to substitutions at these two locations. While compounds having these alterations are likely poor SdcS substrates, in some instances (e.g., glutarate, adipate, and methyl-and dimethylsuccinates) they are recognized by other DASS transporters. 14 C]succinate, pH 7, plus the indicated concentrations of NaCl. Chloride salt (NaCl plus KCl) isotonicity was maintained at 250 mM by the addition of the necessary amounts of KCl. The data are presented as a curve fit of the means Ϯ standard errors of three independent experiments. Kinetic constants for SdcS under the above-mentioned conditions were determined for each of three independent trials and are reported in the text as means Ϯ standard errors. Such substrate preference differences within the DASS family are well documented (5, 8, 24, 25, 31) and imply that the binding pockets of these transporters have diverged sufficiently to accommodate compounds that deviate slightly from the substrate template structure.
DISCUSSION
Owing to their physiological significance, the best-characterized members of the DASS family are those from mammalian species. This group includes the Na ϩ /dicarboxylate symporters NaDC1 and NaDC3 (8, 18, 29) , as well as the Na ϩ -coupled SO 4 2Ϫ transporters NaS1 and NaS2 (11, 22) . The study of these eukaryotic transporters has allowed considerable advances to be made in our understanding of this group of proteins. However, information pertaining to the DASS family transport mechanism and structure remains limited. As a first step in addressing this problem, we previously identified SdcS, a bacterial member of this family that shares 33% and 37% sequence identity with human NaDC1 and NaDC3, respectively (12) . SdcS expression and functional evaluation in E. coli whole cells indicated transport properties typical of its eukaryotic counterparts, suggesting that the protein could serve as a paradigm for DASS family analysis. In the present work, we have extended our study by reconstituting partially purified SdcS into proteoliposomes. Such a system has a number of advantages, including the absence of complexities/interferences associated with the native membrane environment, greatly reduced metabolic conversion of substrate, and control over the compositions of both the internal and external environments (1, 7, 35, 41) . Together, these benefits allow a more accurate description of SdcS, and hence the DASS family, to be obtained.
Our proteoliposome analysis is largely consistent with data gathered from transport studies in whole cells (12) ; SdcS functions as an Na ϩ -dependent transporter that facilitates the electroneutral symport of two cations for a single four-carbon dicarboxylate. Work in this reconstituted system does highlight aspects of the SdcS transport mechanism that were not identified and/or were subject to misinterpretation in intact E. coli cells. For example, while whole-cell studies implied cationdependent transport, assays using proteoliposomes differentiate between the role of cations as activator and driving force. Whereas the presence of an inward-directed ⌬pNa ϩ stimulates SdcS transport activity, the establishment of equimolar Na ϩ concentrations in the internal and external milieus-via either dissipation of a gradient (Fig. 3) or experimental design (Fig.  4) -does not stimulate the rate of dicarboxylate uptake. Also, unlike work done with intact cells, SdcS-containing proteoliposomes did not display cation-mediated inhibition of succinate transport at Na ϩ concentrations over 10 mM (compare Fig. 5 to Fig. 5 in reference 12 ). This inhibitory behavior, rather than being a property unique to SdcS, has been found for a number of Na ϩ -dependent cotransporters (6, 13, 32, 34, 38, 39 ) and appears to be a complication resulting from the preincubation of whole cells with buffer with a high Na ϩ content. Such an assay condition can produce a "trans effect" in which the intracellular accumulation of Na ϩ stalls transport via dissipation of the Na ϩ motive force. The failure to expel Na ϩ in a timely fashion is likely due to inadequate expression and/or poor activity of NhaA and NhaB, the two Na ϩ /H ϩ antiporters of E. coli tasked with maintaining the inward-directed ⌬pNa ϩ across the cytoplasmic membrane (26) .
The finding that SdcS may catalyze facilitated diffusion of dicarboxylate in the absence of a cationic cosubstrate was unexpected (Fig. 2) . Mammalian members of the DASS family couple substrate transport to the movement of Na ϩ down its electrochemical gradient (23, 28, 30, 33) , and analysis of SdcS function in a whole-cell system indicated an ordered reaction sequence with Na ϩ binding before dicarboxylate (12) . Although we can offer no definitive reason why SdcS exhibits Na ϩ -independent counterflow activity at the present time, we suggest that this behavior may result from a combination of the high external concentrations of succinate used in the counterflow assay and a less than optimal coupling between Na ϩ and dicarboxylate. In cases (MelB, LacY, and LacS) where entrance counterflow has been carried out at saturating external substrate concentrations, sugar exchange proceeds without the dissociation/association of the coupling cation (2, 3, 10, 16) . Furthermore, it has been shown that systems known to exhibit an ordered binding sequence-Na ϩ or H ϩ first-can associate, and possibly transport, the cosubstrate in the absence of cation if the second substrate is present at saturating concentration (27, 44) . Such unordered binding/transport can also arise in the absence of high substrate concentrations if symport is not tightly coupled. For instance, mutations in LacY and MelB that alter the coupling of cosubstrate flows allow H ϩ -and/or Na ϩ -independent sugar translocation (19, 32, 43) . The work presented here represents the first characterization of a Na ϩ -coupled DASS family member in a reconstituted system and provides a starting point at which to begin structural analysis of this family of transporters. In addition to exhibiting many of the functional properties characteristic of mammalian DASS transporters, transmembrane prediction algorithms suggest that SdcS and the human Na ϩ /dicarboxylate cotransporters NaDC1 and NaDC3 have similar topologies (12) . While the accuracy of this supposition still needs to be evaluated in detail, initial tests using PhoA and LacZ reporter fusions to map the topology of the N-terminal half of SdcS identify the same transmembrane segments predicted bioinformatically (J. A. Hall and A. M. Pajor, unpublished data). Continued topological study, together with the ability to overexpress, purify, and reconstitute functional SdcS, will allow significant gains to be made in the understanding of DASS transporter architecture.
